Ab initio embedded cluster calculations of the electronic structure and properties of the Yb charge transfer luminescence centres  by Krasikov, D. et al.
1Ab initio embedded cluster calculations of the electronic structure and properties 
of the Yb charge transfer luminescence centres  
D. Krasikova, V. Mikhailina, A. Scherbininb 
a) Physics Department, M.V. Lomonosov Moscow State University, Leninskie gory, 119991 Moscow, Russia 
b) Chemistry Department, M.V. Lomonosov Moscow State University, Leninskie gory, 119991 Moscow, Russia
Abstract 
The results of the theoretical investigation of Yb charge transfer luminescence (CTL) in 
sesqiuoxide matrices involving ab initio cluster calculations are presented in this paper. Different 
parameters such as Stokes shift, excitation and emission wavelengths, bandwidths and radiative 
lifetimes are derived from the calculations and compared with the results of the spectroscopic 
measurements. The best agreement between the calculated and the measured parameters is 
obtained for the case of the hole localized on a single oxygen ion in the Yb first coordination 
sphere. 
Introduction 
Doping the sesquioxides Y2O3 and Lu2O3 with the Yb3+ ions leads to the formation of 
(YbO6)9- charge transfer complexes. The ligand-to-metal charge transfer occurs under UV 
excitation which manifests itself by the broad charge transfer luminescence bands [1]. 
Advantages of the CTL (e.g. fast nanosecond decay time, spectral range, convenient for 
registration, high light yield in some matrices) make it promising for application in scintillators 
for neutrino detection and PET [2, 3]. However, strong temperature quenching of the CTL 
should be overcome before its practical use. Experimental investigations of the CTL have not yet 
shown the best way to reduce the quenching. Hence, a theoretical approach is needed to elucidate 
the mechanisms of the charge transfer state (CTS) excitation and radiative and non radiative 
relaxation processes.  
Recently, we presented the results of an ab initio cluster calculations of the excited state 
electronic structure and geometry of (YbO6)9- complexes in Y2O3 [4]. Here we present a 
comparative investigation of the charge transfer complexes with two different symmetry types 
C2 and C3i in Y2O3-Yb and Lu2O3-Yb crystals. Also the Struck-Fonger model [5] is now 
employed to simulate the absorption and emission bandshapes and the temperature dependence 
of CTL light yield. 
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2Embedded cluster model 
For the calculation of the electronic structure of the (YbO6)9- complex, the embedded cluster 
methodology was utilized. (YbO6)9- cluster was treated at the quantum mechanical level, and the 
positions of all the ions of the cluster were adjusted during the geometry optimization. The next 
coordination sphere of cations was represented by pure pseudopotentials. About 5000 point 
charges were added to reproduce the Madelung potential of the crystal. Single-configurational 
approach was used to optimize the geometry of the ground and the excited state. In order to 
simulate the excited CTS the specific ‘4f-in-core’ ECP60 pseudopotential was used for Yb atom 
fixing the Yb core configuration to be 4f14 (Yb2+) and forcing the hole to escape to the oxygen 
ligands. During the multiconfigurational CASSCF+MCQDPT2 calculations, absorption and 
emission energies as well as transition moments were obtained. Models and methodologies are 
described in details elsewhere [4]. 
Results 
First of all, theoretical values of the Stokes shifts are estimated as a sum of the energy 
changes during the relaxation of the cluster in the excited state after absorption and in the ground 
state after emission. It is assumed that the main part of the energy change during the lattice 
relaxation is described by the change of equilibrium positions of (YbO6)9- cluster ions. 
Theoretical values of the Stokes shifts are found to be in a very good agreement with the 
experimental results [1] when the hole is localized on a single oxygen ion. Such localization of 
the hole is obtained using restricted open-shell Hartree-Fock method. It results in the distortion 
of the (YbO6)9- complex with elongation of a particular Yb-O bond. Theoretical dependence of 
the Stokes shift on the size of the cation substituted with Yb3+ corresponds well to the 
experimental data (Table 1). The Stokes shift estimated for Y2O3-Yb is larger than that for 
Lu2O3-Yb; this can be explained by larger ionic radius of Y which allows for larger relaxation of 
the (YbO6)9- cluster in the excited state when Y is substituted by Yb ion. For both matrices, the 
Stokes shifts calculated for C3i centers are larger than those for C2 centers. 
Table 1. Experimental and theoretical values of CTL Stokes shift for clusters with different 
symmetry. 
 Y2O3-Yb (C2) Y2O3-Yb(C3i) Lu2O3-Yb (C2) Lu2O3-Yb  (C3i) 
Theory, eV 2.1 2.2 1.9 2.1 
Experiment, eV 2.1 1.9 
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3Excited states with the hole delocalized on several oxygen ligands were also obtained using 
hybrid functionals in the frame of the density functional theory. When the hole is delocalized, 
several Yb-O bonds are elongated according to the change of the oxygen ions charge state, and 
the Stokes shifts are sufficiently smaller than in the case when the hole is completely localized 
on a single oxygen ion. 
Calculations of the vibrational assisted radiative and nonradiative transition rates are 
performed using the Struck-Fonger model [5]. In this model, only one local harmonic vibrational 
mode is taken into account. The Struck-Fonger method is based on the calculation of the 
vibrational wavefunction overlaps between the ground and excited state vibrational sublevels. 
Parameters for this model (e.g. vibrational frequencies and Huang-Rhys factors for ground and 
the excited state) are derived from the ground and the excited state potential energy profiles 
scanned alongside a linear transition path using the Hartree-Fock method (Table 2). Vibrational 
frequencies for the ground state are in a very good agreement with the experimental values for 
the REO6 octahedron vibration frequencies obtained by Raman spectroscopy (379 cm-1 for Y2O3
and 393 cm-1 for Lu2O3 [6]). Large values of Huang-Rhys factors (Su and Sv) provide the 
evidence of the strong electron-phonon coupling in these luminescence centers. 
Table 2. Struck-Fonger model parameters obtained from the cluster calculations: ћωu and ћωv
are the ground and excited state vibrational frequencies, Θ is the measure of the parabola force 
constants ratio (tan2 Θ = ћωv/ћωu), auv is the measure of the parabola offset (a2uv = 2(Su+Sv)), Su
and Sv are the Huang-Rhys factors of the ground and the excited state. 
 Y2O3-Yb C2 Y2O3-Yb C3i Lu2O3-Yb C2 Lu2O3-Yb C3i
ћωu, cm-1 403 401 373 396 
ћωv, cm-1 357 369 339 354 
Θ (0) 43.09 43.75 43.63 43.09 
auv 9.49 9.59 9.17 9.49 
Su 24 24 22 24 
Sv 21 22 20 21 
CTL band shapes for each luminescent center are calculated as an energy dependence of the 
transition rate on different vibrational sublevels of the excited and ground state. Complete CTL 
bands were obtained as a sum of the 25% intensity of C3i center emission and 75% intensity of 
C2 center emission corresponding to the concentration of two types of centers in the sesquioxide 
structure. The FWHM of the calculated CTL band are compared with the FWHM of the 
experimental CTL bands from [1] (Table 3, Fig.1). It is found that theoretical values of FWHM 
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4are slightly lower than the experimental ones. This fact can be explained by additional 
broadening of experimental bands by transitions onto the different Stark sublevels of the ground 
2F state of Yb. The dependence of the FWHM on the cation size is well reproduced in the 
calculations. 
Fig.1. Comparison of the experimental and theoretical high energy CTL band shapes for 
Y2O3-Yb. Maxima of bands were aligned for demonstrativeness.
Using the Struck-Fonger model, the temperature dependence of CTL quantum yield is 
simulated, taking into account only the quenching onto the levels of Yb3+ ion ground state. This 
dependence is compared with the experimental temperature dependence the CTL intensity under 
the direct excitation in the charge transfer band. The results show that theoretical temperature 
dependencies do not correspond to experimental ones due to the small theoretical nonradiative 
transition rate in the temperature range from 10 to 300 K. Therefore, one can make an 
assumption that the Struck-Fonger model of temperature quenching process is too simple for the 
correct simulation of the CTL quenching process. 
Using equilibrium geometries of the ground and excited state of (YbO6)9- complex, the 
multiconfigurational calculations (CASSCF+MCQDPT2) are performed. Seven lowest obtained 
states correspond to the hole localized in the Yb 4f-shell (O2p6Yb4f13 configuration). Three 
higher states correspond to the hole in the 2p-shell of one of the the oxygen ligands (O2p5Yb4f14
configuration) (Fig.2). When the calculations are performed at the ground state geometry of the 
cluster, the resulting energy differences can be treated as the charge transfer absorption energies, 
while the charge transfer emission energies correspond to those obtained using the relaxed 
excited state geometry. The calculated transition energies are found to be in the reasonable 
agreement with the experimental data (Table 4). The CTS lifetimes are calculated for all the 
centers using the transition moments between the lowest O2p5Yb4f14–excited state and all the 
O2p6Yb4f13–states, and the following formula for the spontaneous emission, 
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where dab is the transition moment, n is the oxide refraction index, ωab is the transition 
frequency. Theoretical values of the lifetimes are in the very good agreement with the 
experimental values of the CTL decay time [1]. 
Fig.2. Energies of transitions from the lowest excited level of CTS to the ground state levels of 
Y2O3-Yb obtained by CASSCF+MCQDPT2 method. 
Table 3. Experimental and theoretical values of FWHM of CTL emission bands and CTL 
lifetimes. 
 Y2O3-Yb (C2) Y2O3-Yb (C3i) Lu2O3-Yb (C2) Lu2O3-Yb (C3i) 
Lifetime theory, ns 69 50 77 75 
Lifetime experiment, ns ~ 80 ~ 80 
FWHM theory, eV 0.62 0.55 
FWHM experiment, eV 0.66 0.61 
  
Discussion 
In the present work, we made an attempt to get some insight into the nature of the CTS. It is 
generally assumed that the CTS is formed by the hole transition from the Yb3+ ion to the ligands. 
But what is the electronic structure of the CTS is presently unclear. Only qualitative assumptions 
have been made that the hole can be either delocalized among the ligands [7], or completely 
localized on a single ligand ion [8]. There are no experimental investigations concerning the hole 
localization in the CTS. However it is important to understand the CTS structure because it 
directly affects on the characteristics of CTL such as lifetime and quenching. Usage of the ab 
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6initio quantum chemistry methods provides a possibility to obtain both localized and delocalized 
hole states. However, according to the results of the present and the previous [4] work, the model 
of the CTS with the hole completely localized on a single oxygen ion is more pereferable. This 
model implies that the CTS is trapped near the Yb impurity and has a local character. CTS 
formation is accompanied by the significant distortion of the charge transfer complex with 
elongation of Yb14+ – O1- bond. Theoretical values of different CTL parameters such as CTS 
lifetime, Stokes shift, bandwidths, absorption and emission wavelengths obtained using this 
model are in a good agreement with the experimental data. Moreover, experimental 
dependencies of the Stokes shift and FWHM of CTL band are also well reproduced in our 
calculations. 
Conclusions 
Electronic structure calculations of the (YbO6)9- complexes are performed. It is found that the 
decrease of the Hartree-Fock exchange portion in the hybrid functional leads to more delocalized 
hole states. Localization of the hole on a single oxygen ion in the excited state seems to be most 
probable. Lifetimes, energies, bandwidths, stokes shift and vibrational frequencies calculated 
with the presumption of the fully localized hole are in a good agreement with the experimental 
data. 
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